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Kazuyuki Imamura et al.* 
Dept. Systems Life Engineering, Maebashi Institute of Technology, Maebashi-shi,  
Japan 
1. Introduction 
The relatively high incidence of glaucoma has become a serious health problem in the 
rapidly aging society (Elolia and Stokes, 1998; Klein et al., 1992; Leske, 1983; Salive et al., 
1992 ).  Adequate animal models are thus urgently needed to develop an effective remedy(s) 
of glaucoma or even to prevent its occurence.  Death of retinal ganglion cells (RGC) death is 
the major pathological feature of glaucoma, and has been studied extensively at the level of 
the retina focused on the  optic nerve head.  Visual field deficit caused by the loss of RGCs 
in glaucoma must be accompanied by morphological and physiological changes in the 
higher visual centers. However, limited knowledge is available concerning the trans-
synaptic changes, in morphology and physiology, induced in the central visual system by 
glaucoma. 
Our basic premise is that the centripetal changes in glaucoma may precede those in the eye, 
because compensation processes for the deteriorating function are, in general, much fast or 
strongly expressed in the central system than peripheral system due to the increased level of 
complexity in the former.  Provided that this is the case, the detection of central changes is 
critical for establishing the early diagnosis of glaucoma in its initial stage. 
The number of photoreceptors in the retina is about one billion, while that of optic nerve 
fibers is about one hundred and twenty million. By a simple calculation, therefore, it is likely 
that there is substantial afferent convergence or integration within neural network of the 
retina before visual output sent out along the centripetal pathway. Thus, abnormal retinal 
outputs in glaucoma to the lateral geniculate nucleus (LGN) are thought to induce 
compensatory responses in thalamic and visuocortical neurons. We would like to examine 
such changes in morphology and physiology as a harbinger of glaucomatous changes in 
visual function. 
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A monkey model of unilateral hypertension glaucoma has been successfully created by laser 
irradiation to the trabecular meshwork: experimental monkeys exhibited, when 
ophthalmologically examined, sustained and reproducible increase in intraocular pressure 
(IOP) for a relatively long period (Shimazawa et al., 2006a, b). Lately, experimentally induced 
changes in the primary visual pathway were reported findings by ophthalmological 
examinations of monkeys studied by using PET in monkeys with unilateral hepertension 
glaucoma.  In addition, the time course of changes in appearance of the optic disk and 
thickness of the retinal nerve fiber layer (RNFL) measured by scanning laser ophthalmoscopy 
(HRT) and scanning laser polarimetry (GDx), exhibited corresponding changes in 
hypertension glaucoma of human.  The latter measurement was in good correlations with 
RNFL thickness determined histologically (Shimazawa et al., 2006b).  Visual field loss in 
glaucomatous monkeys was also studied by a behavioral method (Sasaoka et al., 2005).  
In this chapter, we describe a set of new findings we obtained for the centripetal changes in 
hypertension glaucoma, which is experimentally induced by unilateral laser coagulation of 
the trabeclar meshwork of monkeys. Data-analysis methods employed here include:  
imaging with positoron emission tomography (PET), neuroanatomical tracing, 
immunohistochemical staining, and electrophysiological single-unit recording. 
2. Two new findings in glaucomatous monkeys obtained by PET 
PET is a powerful, noninvasive imaging technology widely used in examination of brain 
function (Giovacchini et al., 2011). As reported previously (Imamura et al., 2009), we found 
in a PET study with 2-[18F]fluoro-2-deoxy-glucose on glaucomatous monkeys that 
monocular visual stimulation of the affected eye yielded significantly reduced neural 
responses in the occipital areas of visual cortices.  Intriguingly, the reduction in response 
was limited to the cortex ipsilateral to the affected eye, indicating the unique vulnerability of 
ipsilateral visual cortex in glaucomatous monkeys (Imamura et al., 2009). 
 
 
Fig. 1. A symmetric activation of occipital cortex in glaucomatous monkey. Modified from 
NeuroReport, (Imamura et al., 2009) 
Characteristic pattern of 18FDG uptake during monocular activation is shown as a back view of 
monkey brain.  Statistical parametric mapping (SPM) analysis was performed using six images 
obtained form two model monkeys. The results of SPM analysis (t-values), with data from six 
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PET images for each eye of two monkeys, are superimposed on the T1 image of one monkey. 
The color scale indicated the t-value, the level of significance (P<0.05, red to P<0.00001, white). 
Note that left visual cortex ipsilateral to the affected eye exhibited significantly lower activity, 
suggesting deterioration of function in the ipisilateral visual pathway. 
Next, using [11C]PK11195, a PET tracer for peripheral benzodiazepine receptors, we found 
selective binding in the LGN of glaucomatous monkeys, while no binding was found in other 
brain regions. In the central nervous system, the expression of peripheral benzodiazepine 
receptors are limited to the activated microglia, which in turn exhibits neurotoxic, 
neurotrophic and neuroprotective activities by releasing several types of cytokines, including 
NO, TNF-α, and IL-1ß.  The binding of [11C]PK11195 was earlier reported only in the diseased 
brain, for example, in multiple sclerosis (Vowinckel et al., 1997), herpes encephalitis (Cagnin, 
et al., 2001b), and Alzheimer disease (Cagnin, et al., 2001a). In short, the present finding 
indicates that, in our model monkeys, hypertension glaucoma induces the activation of the 
microglia in the LGN suggestive of some functional changes in the LGN. 
  
 
Fig. 2. Accumulation of [11C]PK11195 activity in the LGN. A PET summation image is 
superimposed on an MRI T1 image. The PET image in the frontal plane shows selective 
accumulation of activity in the LGN of both hemispheres (arrows). Modified from 
NeuroReport, (Imamura et al., 2009) 
 
Fig. 3. Immunohistochemical staining of activated microglia in the LGN of glaucomatous 
monkey. Higher power view of a stained layer is shown (b).  Scale bars show 500 µm (a) and 
200 µm (b), respectively. 
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To clarify the above point, we further performed an immunohistochemical study using 
specific antibody against activated microglia (Graeber et al., 1994).  Results indicated that 
the immunoreactivity was confined indeed to the LGN layers that normally receive afferent 
inputs from the glaucoma-affected eye.  The termination pattern of retinal axons in the LGN 
is known to eye-selective, with one layer receiving input only from one eye.  Accordingly, 
the staining pattern we found was complimentary between the left and right and left LGNs. 
Immunohistochemical staining was performed using CR3/43 antibody, which selectively 
recognizes activated microglia. Laminar selective staining (a) was found.  The stained layers 
were found to receive inputs from the glaucomatous eye. 
3. Selective damage of centripetal visual pathway ipsilateral to affected eye 
Next we asked why the activity in the visual cortex was selectively reduced in the 
hemisphere ipsilateral to the affected eye.  We performed neuroanatomical tracing 
experiments using wheat germ agglutinin (WGA) as an anterograde tracer.  WGA was 
injected into normal eye of naive monkeys and both normal and affected eyes of the 
glaucomatous monkeys.  After a survival period of 3 days for anterograde transport of the 
tracer, the animals were perfused with 4 % paraformaldehyde, the brain was removed and 
immunohistochemical staining of thin LGN section was performed using an anti-WGA 
antibody (Gong & LeDoux, 2003). 
First, in the case of the normal eye of a naive monkey, individual layers of the LGN that 
receive input from the injected eye were stained (Fig. 4).  At higher magnification (Fig. 5), it 
was clearly seen that postsynaptic neurons were transsynaptically labeled with some 
granular staining pattern that reflected endings of the afferent nerve fibers (Fig. 5).   
 
 
Fig. 4. Immunohistochemical staining of normal LGN, using anti-WGA antibody after 
monocular injection of WGA In the case of naive animal, the left (a) and right (b) LGN 
exhibit complementary staining pattern of layers that receive afferents from the injected eye.  
Scale, 1 mm. 
www.intechopen.com
 Central Changes in Glaucoma: Neuroscientific Study Using Animal Models 
 
311 
 
Fig. 5. Transsynaptic transport of WGA in the LGN. Labeling of postsynaptic neurons was 
found in the form of granular, presumably presynaptic, staining in a layer of the LGN.  
Scale, 50 µm. 
Figure 6 shows the results of a case, in which the tracer was injected into the normal eye of 
glaucomatous monkey.  A complementary staining pattern similar to that found with the 
aforementioned case was obtained.  In addition, discordant staining was sometimes found 
invading into neighboring layers that should be free of the input from the injected eye. 
Finally, a tracer injection was performed into the affected eye of the glaucomatous monkey.  
In one of the two monkeys examined, no transport of WGA was found in the LGN, while in 
the other animal selective staining was found only in the input-receiving layers of the LGN 
contralateral to the injected eye.  No staining was found in the ipsilateral LGN (Fig. 7). 
 
 
Fig. 6. Staining pattern of the left (a) and right (b) LGN of glaucomatous monkey when 
WGA was injected into the fellow eye.  Scale, 1 mm. 
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Fig. 7. Staining pattern of the left (a) and right (b) LGN of glacomatous monkey when WGA 
was injected into the affected eye.  Scale, 1 mm. 
In the right LGN, the staining was found in layers 6 and 4 and a part of 1, all of which 
usually receive input from the injected eye.  In the left LGN ipsilateral to the glaucomatous 
eye, some faint staining was seen in the ventrolateral parts of layers 5 and 3.  These results 
indicate that the normal retinal projection to the LGN was reserved only for in the 
contralatral pathway, strongly suggesting that the ipsilateral pathway was vulnerable to the 
elevation of IOP.  This asymmetry indicated that injury of retinal ganglion cells in the 
temporal retina was more severe than that in the nasal retina.  Interestingly, reduction of 
nasal-temporal asymmetry was reported in normal-tension glaucoma (Asano et al., 2007).  
Likewise, in strabismic amblyopes, reduced monocular activation was selectively detected 
only in visual cortex ipsilateral to the deprived eye (Imamura et al., 1997).  Taken together, 
the present result suggest the high vulnerability of the ipsilateral projection in these patho-
physiological conditions.   
Electronmicroscopic examinations revealed that the optic nerve fibers derived from the 
glaucomatous eye were shrunken and damaged. In particular, the outer part was damaged 
more severely than the central part of the nerve trunk (Fig. 8).  It was reported that in 
humans, optic nerve axons are not instructed to establish a retinotopic order within the 
initial portion of the visual pathway (Fitzgibbon and Taylor, 1996).  However, in our model 
monkeys, vulnerability of the outer part of the optic nerve is frequently found. 
4. Mechanisms of the induction of activated microglia in the LGN of 
glaucomatous animals 
To obtain clues for the activation of the microglia in the LGN of glaucomatous monkeys, the 
following experiments were performed in the mouse LGN.  First, we suspected that the 
microglia in the LGN was activated as a consequence of the substantial reduction of neural 
activity in the retina of the glaucomatous monkeys. Then, under isoflurane anesthesia, one 
eye of the mouse was injected with either tetrodotoxin (TTX), a sodium channel blocker, or 
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Fig. 8. Electronmicroscopic view of the optic nerve. 
In lower-power view, it is clear that the optic nerve derived from the glaucomatous eye (b) 
is profoundly damaged when compared with that from the fellow eye (a).  Scale, 1mm.  In 
the high-power view, severe demyelination was observed in the outer part of the optic 
nerve (e), while the central dark portion exhibit a trace of myelinated fibers (d).  However, 
the density of myelinated fibers was reduced in (d) and (e) compared with the optic nerve 
from the fellow eye (c).  
N-methyl-D aspartate (NMDA), an agonist of NMDA-type glutamatergic receptors to 
suppress neuronal electrical activity or enhance excitability of retinal cells, respectively.  
One week after the respective eye injection, animals were perfused and 
immunohistochemical analysis was performed using antibodies to zif268 protein, a neuronal 
activity marker, and ionized calcium binding adaptor molecules 1 (Iba 1), a marker of 
microglia.  In mice, the superior colliculus (SC) is the major recipient site of the retinal 
afferents.  As expected, an asymmetrical staining pattern of Zif268 was seen in the SC of the 
mice monocularly injected with TTX (Fig. 9), while little difference was found in the SC of 
NMDA-injected mice (not shown).  Rather, a slight enhancement was found in the SC 
contralateral to the NMDA-injected eye. 
These results showed that each of the two chemical injected into one eye affected retinal 
neuronal activities in an expected manner.  In the LGN of these mice, for sure, the activated 
microglias were induced following the TTX injection, although their number was small 
when compared with that following monocular enucleation, a measure that is much 
stronger than the former (Fig. 10).  Taken together, these findings suggested that when the 
retinal activity was substantially outside of a certain range, activated microglia were 
induced in the LGN.   
In our monkey model, the retinal activity was clearly suppressed in the IOP-elevated (laser-
irradiated) eye, because immunostaining of visual cortical sections with an anti-Zif268 
 
www.intechopen.com
 The Mystery of Glaucoma 
 
314 
 
Fig. 9. Immunohistochemical staining of the superior colliculus (SC) of the TTX-injected 
mouse (a) and enucleated mouse (b) with an anti-zif268 antibody.  
The left SC was free of zif268-positive nuclear staining, indicating neuronal activity of the 
right eye was suppressed by the injection of TTX or the enucleation of eyeball.  
 
 
Fig. 10. Iba1 immunostaining of the mouse LGN.  Right (a, c) and left (b, d) LGN of the mice, 
in which their right eye was injected with TTX (a, b) or enucleated (c, d), respectively. 
antibody clearly exhibited ocular dominance patches indicating that neuronal activity was 
suppressed in columns corresponding to the glaucomatous eye (Fig. 11).  Under this 
situation, the microglia are activated in the LGN.  This means that maintenance of an 
adequate level of the retinal activity is critical in keeping the extent of microglia activation 
low in the central visual pathway. 
ba 
a b
c d
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Fig. 11. Ocular dominance patches revealed by zif268 immunohistochemistry of the visual 
cortex of glaucomatous monkey.  Scale, 1.0 mm. 
A recent in vivo two-photon imaging study (Wake et al., 2009) reported that resting 
microglia contact with synapses once an hour and that this contact is neuronal activity-
dependent. Intriguingly, transient ischemia prolonged the contact for one hour and 
presynaptic buttons disappeared after that. These finding is consistent with our findings in 
the LGN of glaucomatous monkeys. 
5. Electrophysiological recordings of LGN neurons in monkey with 
experimentally-induced glaucoma 
5.1 Background 
Single-neuron recording from the primate LGN is useful for studying abnormalities in 
visual responses in experimental glaucoma (Smith et al., 1993). The primate LGN was 
selected as a primary site for investigation because of its striking similarities to the human 
LGN (Spear et al., 1994; O'Keefe et al., 1998) and the response properties of LGN neurons in 
normal monkeys have been extensively studied (Lee et al., 1979; McClurkin and Marrocco, 
1984; Wilson and Forestner, 1995; Usrey and Reid, 2000; Levitt et al., 2001).   
Yücel et al. (2000) obtained the following findings for the parvo (P) and magnocelular (M) 
laminas that receive inputs from the glaucomatous eye:  i) there was a significant loss of 
LGN relay neurons, ii) the loss increased with increase in extent of the RGC loss, iii) 
neuronal atrophy occurred as measured with decrease in the cross-sectional area of neurons 
stained with parvalbumin, and iv) the degree of atrophy in the M and P pathways was 
linearly related to the extent of RGC loss. These are the first findings in the central nervous 
system that when transsynaptic degeneration occurs, and the extent of target neuron loss in 
the brain center linearly increases with increasing loss of afferent fibers (Yücel et al., 2001).  
More specifically, one recent report has engaged our interest by reporting the expansion of 
visual receptive fields in the SC after the experimental elevation of IOP in one eye (King et 
al., 2006). They authors suggested that the expansion was induced by enlargement of 
dendritic field diameter of the retinal ganglion cells due to the elevation of IOP (Ahmed et 
al., 2001). Thus, along the same line or reasoning, we investigated electrophysiologically the 
following matters: i) characterization of the neural changes in the LGN of glaucomatous 
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monkeys, particularly focusing on size changes in minimum response field (MRF) of 
neurons, ii) to determine whether the extent of such changes differ between the P- and M 
pathways, and iii) to compare the changes in response properties of LGN neurons between 
stimulation of glaucomatous and normal eyes. 
Three adult male cynomologus monkeys (Macaca fascicularis, GM1-3, Table 1) were used. 
 
Subject 
I.D. 
Eye 
initial 
IOP 
mmHg
Age at the 
1st LI 
(postnatal 
months)
Age at the 
2nd LI 
(postnatal 
months)
Final 
IOP 
mmHg
C/D 
ratio 
(HRT) 
Age at the start of 
Physiological 
Recordings 
(postnatal months) 
GM1 
 
R - 22.3 0.149
90 
L - 62 62 46.7 0.720
GM2 
 
R 20.5 14.0 0.063
61 
L 18.0 54 55 29.7 0.526
GM3 
 
R 16.5 17.2 0.271
59 
L 15.0 51 51 38.7 0.740 
Table 1. Experimental subjects 
IOP, intraocular pressure;  LI, laser irradiation;  HRT, ophthalmological examination by 
Heidelberg Retina Tomography;  -, no measurement. Data in GM2 and GM3 were cited from 
2 monkeys out of 11 previously described in (Shimazawa et al., 2006). 
5.2 Changes in IOP and funduscopic images of the glaucomatous monkeys 
The experimental manipulation and IOP changes that follow over time are summarized for 
each of the three experimental monkeys in Table 1. In the present study, experimental 
glaucoma was induced in the left eye.  All the three with glaucoma survived for 6 months or 
longer. 
Figure 12 shows the time course of changes in IOP of monkeys GM2 and GM3. Within one 
month after laser irradiation, the IOP of the treated left eye was significantly elevated and 
remained high over the following three months. For GM1, however, IOP was measured 
twice a day (~12 hr apart) only at four different timings. At postnatal month 63, IOPs were 
53.3 ± 2.22 and 21.0 in glaucomatous and normal eye, respectively. At postnatal month 66, 
IOPs were still significantly elevated for glaucomatous eye as compared to the normal (52.6 
± 2.51 vs 19.8 ± 1.28, p < 0.0001, student t-test). There was little variation in IOP 
measurements within a day.   
Figure 13 shows representative funduscopic images obtained from GM2 using HRT.  The 
results of optic disk examinations are summarized in Table 2. The reference plane of HRT 
was 50 µm deep from the temporal edge of the papilla. The "cup" area and "cup volume are 
defined, respectively, as a 2D and 3D space deeper below the reference plane.  The cup/disk 
area ratio of the optic disk (C/D ratio) is defined as the average diameter of the cup area 
divided by that of the disk or the optic nerve head in the retina.  The C/D ratio, cup area, 
volume, and depth were substantially higher in the left eye, which consistently exhibited 
high IOPs (Table 2). The rim area and rim volume (green and blue areas in Figs. 13 c and d) 
reflecting the mean thickness of the nerve fiber lamina, appeared to be smaller in the 
glaucomatous eye (Fig. 13d). Cupping of the optic papilla was clearly observable in the left 
eye of the three experimental animals. Albeit the three showed a similar C/D ratios at the 
time of physiological recording, ophthalmological examinations estimated the severity of 
their glaucomatous changes as GM1 > 3 > 2 in a decreasing order. 
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Fig. 12. Time course of changes in IOP (monkey GM2, triangles and GM3, circles) following 
laser irradiation.  Solid lines and dotted lines indicate IOPs of the treated and untreated eyes, 
respectively.  Each data point shows the mean of three measurements.  Two measurements 
were taken within a day (~12 hr apart) on the four different days of examinations to determine 
the short-term fluctuation in IOP measurements (monkey GM1).  Irradiation was performed 
about one month before the first measurement (i.e. postnatal month 62). At postnatal month 
63, IOPs of glaucomatous and normal eyes were 53.3 ± 2.22 (mean ± standard deviation) and 
21.0 mmHg, respectively.  At postnatal month 66, IOPs were still significantly different (52.6 ± 
2.51 vs 19.8 ± 1.28, p < 0.0001, Student t-test). IOPs of GM2 and GM3 were cited from 2 
monkeys out of 11 previously described in (Shimazawa et al., 2006). 
5.3 Impairment of electrophysiological responses 
Referencing a brain map of the macaque monkey, lacquer-coated stainless steel electrodes 
with relatively low impedance (0.5 MΩ at 50 Hz) were initially used to locate the position of 
the LGN, based on the standard stereotaxic procedure. Then, a glass-coated, high-
impedance (>2.0 MΩ at 50 Hz) tungsten microelectrode (Levick, 1972) was introduced into 
the LGN through a guide cannula vertically placed in the agar-sealed chamber.  Action 
potentials of single neurons were conventionally amplified and monitored on a storage 
oscilloscope.  Minimum response fields (MRFs) (Hubel and Wiesel, 1961; Barlow et al., 1967; 
Cleland et al., 1983) were routinely mapped with a moving, high contrast light slit and a 
small spot of flashing light.  The border of response fields was repeatedly examined before a 
circle with an appropriate diameter was respectively assigned to them as authentic MRFs. 
The LGN in each cerebral hemisphere represents the nasal hemifield of the contralateral eye, 
and the temporal hemifield of the ipsilateral eye.  The LGN is a thalamic relay structure in 
the centripetal; projection pathway of the visual system composed of 6 principal laminae of 
neurons, each of which receives eye-specific inputs:  laminae 1, 4, and 6 receive inputs from 
the contralateral eye, while laminae 2, 3, and 5, input from the ipsilateral eye (Perry et al., 
1984).  By electrode penetrations that pass vertically through the entire extent of the LGN, it 
is possible to record from relay neurons of two main types, P- and M neurons, which have 
receptive fields in approximately corresponding regions of the visual field for the two eyes.  
Upon the completion of single-neuron recording, we histologically confirmed our 
assignment of the laminar location to each of many recorded neurons along a given track, 
using micromanipulator reading during recording. 
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Fig. 13. Representative confocal images (a and b) of the optic disc and topographic images of 
HRT (c and d) in normal (a and c) and glaucomatous (b and d) eyes of monkey GM2.  
Red areas in the optic discs (c and d) indicate "cupping".  Green and Blue areas in c and d 
indicate the so-called "rim area", reflecting change in nerve fiber layers (NFL).  In the left eye 
with high IOP, mean NFL thickness was less than in the right eye (0.157 vs. 0.315 mm). 
 
 
 
Table 2. Ophthalmological examination by HRT. Data in GM2 and GM3 were cited from 2 
monkeys out of 11 previously described in (Shimazawa et al., 2006). 
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Fig. 14. Histological reconstruction of the recording tracks on Nissl-stained coronal sections 
obtained from a monkey.  
Four arrowheads indicate electrolytic lesions on the recording tracks (dotted lines). The solid 
arrowhead indicates the location of a neuron whose responses are shown in Fig. 16. Note that 
the most medial penetration directly entered the magnocellular layers.  The numbers indicate 
the 6 main laminas of the monkey lateral geniculate nucleus.  Scale bar 1 mm. 
Figure 14 shows an example of a photomicrograph of a Nissl-stained coronal section at the 
middle level of the LGN in the left hemisphere ipsilateral to the glaucomatous eye.  No 
gross abnormality is noted in Nissl morphology.  We first determined the lamina location of 
each recorded neuron from the stereotypical shift in eye preference of the receptive fields as 
our recording electrode was advanced vertically through the different LGN laminas. 
Previous studies showed that, up to an eccentricity of 30 degrees, the MRF of LGN neurons 
in monkey was smaller than three degrees (Schiller et al., 1976; Lee et al., 1979; Bauer et al., 
1999; McClurkin et al., 1991; White et al., 2001; Solomon et al., 2002).  Solomon et al. (2002) 
reported that the classical center radius (rc) of parvo- and magnocellular cells could be 
estimated by the following equations, respectively: 
Parvo: rc=exp(0.11x-3.4) 
Magno: rc=exp(0.07x-2.4) 
x, eccentricity (in degree) 
Figure 15 shows plots of the MRF of LGN neurons obtained from monkeys GM1 (Fig. 15a), 
GM2 (Fig. 15c), and GM3 (Fig. 15e) with respective scores for injury found in the head of the 
optic nerve (Figs. 15b, d, and f). Using more than 10 microelectrode penetrations, we 
covered the visual field out to ~40 degrees eccentricity in the peripheral visual field. 
On stimulation of the normal eye, many small MRFs (each about 1 visual degree across) 
were found in the peri-foveal region (left plots with a cluster of black circles in Figs. 15a, c, 
and e). However, no corresponding cluster of small MRFs was found in the central visual 
field upon stimulation of the glaucomatous eye (right plots with red circles in Fig. 15a, c, 
and e).  This was particularly clear in monkeys GM1 and GM3, because of the relative lack 
of spatial overlap of plotted MRFs. 
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Fig. 15. Plots of the minimum response field (MRF) and diagrams that show injury to the 
optic nerves in three monkeys (a and b, monkey GM1; c and d, monkey GM2; e and f, 
monkey GM3).   
The MRF of each LGN neurons is rendered as a circle and its boundary indicated by black 
(normal eye responses, left plots) or red (glaucomatous eye responses, right plots) circles.  
The horizontal meridian is drawn as a line connecting the two foveas, and the vertical 
meridian as a line midway between two optic disks.  The scale bar shown under the plots 
for the normal eye of GM3 is common to all MRF plots.  Based on the protocol of Sanches et 
al. (1986), injury to the optic nerve was evaluated histologically (Perry and Cowey, 1985; 
Wassle et al., 1990; Harwerth et al., 1999).  Cross-sections were divided into 16 sectors (8 
equal-sized pies, each further halved by an intersecting ring) and the degree of injury in 
each sector was evaluated microscopically at x 100 with an increasing order of severity:  0, 
normal; 1, mild (partial atrophy found without hypertrophy of connective tissue); 2, 
moderate (atrophy of axons with hypertrophy of connective tissue); 3, severe (complete lack 
of normal axons).  S, I, N, and T indicate orientation of the optic nerve head as superior, 
inferior, nasal, and temporal, respectively. 
The pattern and degree of injury to the optic nerve head varied among the three monkeys.  
Monkeys GM1 and GM3 exhibited more severe injury in the nasal-superior than other 
sectors, while mild injury was found uniformly in the central sectors of monkey GM3 (Figs. 
15b, d, and f).  Consistent with this finding, MRFs for the glaucomatous eye were mostly 
missing from the temporal-inferior visual field of GM1 and GM3. 
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Intriguingly, we found many extremely large MRFs (>10 degree) in all three monkeys (Figs. 
15a, c, and e), suggesting an abnormality in the neural mechanism controlling the size of 
MRFs in the LGN of glaucomatous monkeys. 
5.4 Stimulation of glaucomatous and normal eyes 
The enlargement of the MRF size of single LGN neurons was observed for both stimulation 
of normal and glaucomatous eyes (Fig. 15a, c, and e).  In the overwhelming majority of 252 
recorded neurons, irrespective of which eye was stimulated, the size of MRFs was much 
larger than one degree across.  In GM1, the median MRF size was 4-5 degrees across, while 
it was 2-3 and 1-2 degrees in GM2 and GM3, respectively (Fig. 16a-c).  The Wiscoxon signed 
  
 
Fig. 16. Frequency histograms of neurons with different MRF sizes in three monkeys (a: 
monkey GM1, b: monkey GM2, c: monkey GM3).   
Filled columns indicate neurons that responded to stimulation of the glaucomatous eye, while 
open columns indicate those that responded to stimulation of the normal eye.  Numbers 2 to 
10 on the abscissa indicate size of minimum response field between (n-1) < x ≤ n degrees.  
Neurons with response field larger than 10 degrees were grouped together as >10. 
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rank test (using  Prism 4, GraphPad Software Inc., CA U.S.A.) showed that the median 
derived from the three monkeys was significantly larger in the normal eyes than those in 
glaucomatous eyes (P<0.037). 
Responses to stimulation of the normal eye were more common than to that of the 
glaucomatous eye in all three monkeys, although the distribution pattern of neurons in the 
histogram was similar for the two eyes in GM1 and GM2. 
Since susceptibility to elevated IOP may differ between different types of RGCs, we 
suspected the presence of comparable differences in the LGN.  However, we found no 
marked difference in overall MRF size increase between P and M neurons in the 
glaucomatous LGN laminas.  This conclusion was based on examination of 170 neurons in P 
laminas and 73 neurons in M laminas, both of which were included in Fig. 16. We concluded 
that effects of elevated IOP on MRF size could be obtained in both M- and P-neurons. 
5.5 Size-tuning curve of LGN neurons 
To gain insight into the cellular mechanism underlying the enlargement of LGN receptive 
fields in glaucomatous monkeys, we investigated their size-tuning properties objectively by 
stimulating them with a drifting sinusoidal grating patches whose size varied randomly 
(Akasaki et al., 2002). For the sake of efficiency of the experiments, the application of the 
objective method was limited to only a part of neurons recorded (N=34) in the above-cited 
study. Activities of the thus-isolated single neurons were continuously fed to an audio 
monitor during receptive-field mapping and quantitative data were acquired using a time-
stamping board (Lisberger Tech., San Francisco) at a sampling rate of 1 MHz. 
Results shown in Figure 17 were obtained from a lamina-6 P neuron whose recording site is 
shown in Fig. 14 (solid arrow head). Raster plots and PSTHs of the responses to stimuli 
given to the right normal eye with three different sizes of grating patches are shown in Figs. 
17a, b, and c.  The resultant stimulus size-tuning curve is shown in Fig. 17d.  This neuron 
had a MRF of 12.5 degrees.  The response of this neuron was suppressed one time with a 
patch size of about 21 degrees across (Figs. 17b and d), but became strong again with 
increase in patch sizes beyond 28 degrees (Figs. 17c and d). 
Three types of size-tuning behavior were recognized. Two representative size-tuning curves 
are shown in Figure 18 (b and c). First, a neuron with a small MRF exhibited the maximum 
response at 1.4 degrees, and the response remained strongly suppressed (down to ~ 40% of 
the maximum) when the patch size was increased beyond this size (Fig. 18b). However, 
having a large MRF of 7.0 degrees, another neuron exemplified in Fig. 18c exhibited 
relatively weak suppression (~73%) with increases in the stimulus patch size beyond 2.1 
degrees, which elicited the peak response.  With further increase in stimulus size, the 
response of this type of cells often became stronger to make a second peak.  The third type 
exhibited no measurable suppression.   
A population of 39 neurons, including 5 not assessed quantitatively, from 7 recording tracks 
was classified into the three types groups, with about three-quarters of neurons (30 of 39) 
exhibiting either weak or no suppression at all. 
Next, in 34 neurons quantitatively assessed neurons out of the 39 mentioned above, we 
directly compared the two kinds of size estimates:  one derived from manually plotted 
MRFs and the other, the receptive field size indices derived from size-tuning curves.  The 
correlation coefficient (r) was 0.76 and the slope of the fitted line was 1.04, indicating a good 
correlation between the two measures (Fig. 18a, p<0.001).  Most of the points were located 
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Fig. 17. An example of size-tuning tests.   
Three representative peristimulus time histograms (PSTHs) and raster plots (a, b, c) are 
shown for stimulus sizes indicated by the three open diamonds in d.  The number of 
repetition was 6 and bin size was 50 ms for each PSTH.  The scale bar under PSTH c 
indicates one sec and is common to a and b.  Mean firing rate (spikes/s) for the first 2 sec 
after the start of stimulus drift (gray lines in PSTHs) was plotted (filled diamonds) against 
grating patch size in degrees.  The recording site of this neuron is shown in Fig. 14. 
above the diagonal dotted line, indicating that the size of MRFs was mostly smaller than the 
size indices derived from the objective measurements. 
In short, the present findings indicate:  i) the MRF is usually smaller than the size of the 
grating patch that evoked the maximum response, while there is a significant correlation 
between these two measures, and ii) the enlargement of receptive fields of LGN neurons in 
glaucomatous monkeys was often accompanied by the lack of strong surround suppression. 
Increase in the cell receptive field size was recently shown in the rat superior colliculus 
following increase in IOP in one eye (King et al., 2006).  The authors suggested that the 
increase in receptive-field size was related to increase in the size of the dendritic arbors of 
surviving ganglion cells in the retina.  Thus, by the same token, the morphological changes 
in surviving ganglion cells at the affected eye likely contribute to the emergence of the 
enlarged receptive fields in the LGN found in the present study. 
However, unlike the above-noted findings for rat collicular cells, here in LGN neurons of 
experimentally induced hypertension glaucomatous monkeys, we found that receptive 
fields were enlarged with visual stimulation of not only the glaucomatous eye but also the 
normal eye, which exhibited normal IOP.  We suspect that, in the case of LGN neurons, 
receptive-field enlargement was due to modification of the balance between excitation and 
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Fig. 18. Correlation between the size of manually plotted MRF and that based on size-tuning 
curves.   
In a, the minimum size of the grating patch that evoked the maximum response (peak value 
or first inflection) was used as a size index for the size-tuning curve. All triangles indicate a 
group of cells which exhibited a dissociation of these two measures.  Size-tuning curves of 
two representative neurons are shown in b (filled square in a) and c (filled triangle in a).  In 
b and c, the dotted lines with double-headed arrows indicate maximum and minimal 
responses (i.e. extent of suppression).  The solid lines in a are fitted by (y=1.04x+1.53) and 
(y=1.25x+1.87) for the inset (triangles excluded), respectively.  The dotted lines in a are 
diagonal lines.  Data points plotted in a appear less than 34 (n=34) because of overlap 
involving several points. 
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inhibition.  It has been shown that experimental scotoma induces functional reorganization 
of the primary visual cortex, with enlargement of the receptive fields of neurons 
representing the region surrounding scotoma into the regions corresponding to scotoma 
representation (Chino et al., 1992; Gilbert and Wiesel, 1992; Darian-Smith and Gilbert, 1995).  
When visual stimulation with a discrete patch activates a cluster of thalamic neurons that 
relay their out put to the cortex, the corresponding feedback projections from the cortex 
appear to reinforce the core of the thalamic activity by densely focusing on the most active 
relay neurons while indirectly inhibiting neighboring thalamic neurons in the fringe 
(Marrocco et al., 1982). This feedback projection narrows the thalamic responsive zone, 
restricts receptive field sizes, and alters neuronal response properties (Webb et al., 2002). 
Cortico-thalamic feedback was excitatory when the receptive fields of cortical and thalamic 
neurons overlapped, but inhibitory when they did not (Tsumoto et al., 1978).  Corticofugal 
feedback also affects the generation of length tuning in the visual pathway:  length tuning of 
LGN neurons was released from cortical control when the visual cortex was cooled (Murphy 
and Sillito, 1987).  In short, the robust effects of corticofugal feedback on geniculate neuron 
activity suggest that this feedback contributes to the emergence of extremely large MRFs in 
the LGN in the abnormal conditions. 
6. Functional implications 
The onset of clinical signs is commonly much delayed in glaucomatous patients. Visual 
abnormality is first noted when injury to the retina has already significantly progressed.  In 
parallel, behavioral measurements in glaucomatous monkeys showed that abnormality in 
the detection threshold of visual targets was mild despite the severity of injury to the retina 
(Sasaoka et al., 2005). This suggests the presence of a high level of neural plasticity in the 
adult brain that compensates for the loss of function due to retinal injury.  We found the 
abnormal enlargement of receptive fields not only with stimulation of the glaucomatous eye 
but also of the normal eye, suggesting that the mechanism triggering this type of adult 
plasticity does not reside locally in the retina or even the LGN, but outside of them, 
probably in visual cortex.  This line of reasoning further urges us to study the visual cortex 
to detect early sign of hypertension glaucoma. 
An apparent analogy may be drawn here to the well-known somatosensory field 
compensation observed in the case of “phantom limbs” (Ramachandran and Rogers-
Ramachandran, 2000). In general, the central nervous system readily undergoes reorganization 
when normal afferents are removed, to compensate for lost function (Wall et al., 1986). 
Although the basic phenomenology seems to be real in the somatosensory system, in the 
visual system likelihood of a similar long-term cortical reorganization after retinal lesions is far 
from settled (Smirmakis et al., 2005).  Unlike the acute sensory disturbance induced by cutting 
or crushing of the optic nerve, in hypertensive glaucoma apoptotic cell death of retinal 
ganglion cells evolves slowly over a long period of time.  The unilateral hypertension model of 
glaucoma in monkeys thus provides a unique opportunity for not only pathophysiological 
study on glaucoma ethiology but also study on adult plasticity in the central visual pathways. 
7. Conclusion 
A relatively high incidence of glaucoma has become a serious problem in the modern aging 
society. In our investigation, we focused on the neural changes along the central visual 
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pathway in experimentally induced, hypertension glaucoma.  First, we used PET in 
monkeys with unilateral hypertension glaucoma.  In 2-[18F]fluoro-2-deoxy-glucose studies, 
monocular visual stimulation of the affected eye yielded significantly reduced neural 
responses in the occipital areas. The reduction in response was limited to the visual cortex 
ipsilateral to the affected eye, indicating the unique vulnerability of ipsilateral visual cortex 
in experimental unilateral glaucoma.  Next, in anatomical tracing experiments with WGA, 
we found in the glaucomatous eye that the retinal projection was selectively damaged in the 
ipsilateral pathway to the LGN, whereas the contralateral projection was relatively-well 
preserved. Third, in [11C]PK11195 positron emission tomography and immunohistochemical 
studies, selective accumulation of activated microglia, a sign of neural degeneration, was 
found bilaterally in the LGN. The accumulation of activated microglia in the LGN is 
induced plausibly due to the abnormal, either suppressed or enhanced retinal electrical 
activity.  Fourth, in the electrophysiological study on unilateral hypertension glaucomatous 
monkeys, we found that: i) the existence of “blind” regions in the visual field, in which no 
receptive field could be found despite multiple penetrations throughout each LGN, ii) the 
mean size of receptive fields was increased in both glaucomatous-eye-recipient and normal-
eye-recipient LGN laminae, iii) the size was significantly larger for the normal-eye than 
those for glaucomatous eye. In glaucomatous monkeys, receptive field properties of 
responsive LGN neurons often exhibited little modification except in the receptive-field size.  
This form of adult plasticity may play a role in neuronal compensation in the central visual 
pathway of retinal input due to glaucoma. In addition to reduce the ganglion cell death, it is 
suggested that the enhancement of neural plasticity in the central visual pathway is also 
important for the remedy of glaucoma. In short, the current findings in experimental 
hypertension glaucoma seem to support our basic premise that the neural changes along the 
central visual pathway in glaucoma may precede those in the eye, against the backgroung of 
the former's high degree of compensation for the deteriorating function. 
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